were recorded at the Swiss Light Source with 0.002 eV resolution. The adiabatic ionization energies were found to be 10.364 ± 0.007, 10.303 ± 0.005, 10.138 ± 0.007, and 10.110 ± 0.009 eV, respectively. The electronic ground state of each cation shows well-resolved multi-component vibrational progressions, the dominant transitions being in the C=C stretching mode. Density functional theory based Franck-Condon simulations are used to model the vibrational structure and assign the spectra, sometimes revising previous assignments. An additional vibrational progression in the first photoelectron band of 1,1-C 2 H 2 F 2 indicates that the ground electronic state of the molecular ion is no longer planar. It is shown that ab initio vibrational frequencies together with the observed vibrational spacings do not always suffice to assign the spectra. In addition to symmetry rules governing the transitions, it is often essential to consider the associated Franck-Condon factors explicitly. Ionization to higher lying excited valence electronic states were also recorded by threshold ionization up to 23 eV photon energy. Equation-of-motion coupled cluster with single and double substitutions for ionization potential (EOM-IP-CCSD/cc-pVTZ) calculations confirmed historic electronic state assignments, and untangled the ever more congested spectra with increasing F-substitution. Previous attempts at illuminating the intriguing dissociative photoionization mechanism of fluorinated ethenes are reconsidered in view of new computational and experimental results. We show how non-statistical F-atom loss from C 2 H 3 F + is decoupled from the ground state dissociation dynamics in the energy range of itsC state. Both the statistical and the non-statistical dissociation processes are mediated by a plethora of conical intersections.
I. INTRODUCTION
The perfluoro effect, i.e., π orbital destabilization with respect to σ orbitals, is observed when substituting hydrogen atoms with fluorine atoms in the series of molecules ranging from ethene to tetrafluoroethene. 1, 2 The earliest comprehensive study of the ionization properties of fluorinated ethene molecules was reported by Sell and Kuppermann, 3 who studied the photoelectron angular distributions in the ground and excited state bands of the HeI photoelectron spectra (PES) of C 2 H 4−n F n (n = 0-4) molecules. The HeII PES have been recorded and interpreted, among others, by Bieri et al. 1 with many body Green's function calculations. The Franck-Condon factors for the vibrational progressions in the ground state PES bands of C 2 H 3 F, 1,1-C 2 H 2 F 2 , and C 2 HF 3 were calculated by Takeshita, 4 based on Hartree-Fock geometries and force constant matrices. However, he did not attempt to compare the theoretical spectra with experiment. High resolution HeI PES and slightly lower resolution threshold photoelectron spectra (TPES) of C 2 H 3 F and 1,1-C 2 H 2 F 2 have been reported recently by Locht et al. 5, 6 along with ab initio calculations. The latest HeII photoelectron spectrum a) Authors to whom correspondence should be addressed. Electronic addresses: patrick.hemberger@psi.ch and r.p.tuckett@bham.ac.uk.
of C 2 HF 3 was recorded by Bieri et al. 1 in 1981, but neither a high resolution HeI PES nor a TPES has been reported since. The TPES of C 2 F 4 , recorded by Jarvis et al., 7 significantly improved upon the resolution of the early work by Sell and Kuppermann. 3 Lately, the HeI PES of C 2 F 4 has been studied by Eden et al., 8 with an even higher resolution and signal-tonoise ratio.
We recently studied the dissociative photoionization dynamics of the four aforementioned fluoroethenes. 9 The first dissociative photoionization channel opens up in a FranckCondon gap above the electronic ground stateX. We also found that F-atom loss is initially a statistical process in three of the four molecular ions, the exception being tetrafluoroethene. It then turns into a largely non-statistical process at higher energies. We based this conclusion predominantly on the correlation of the F-loss fragment ion signal with features of the TPES, indicating isolated state behaviour, in agreement with previous observations. [10] [11] [12] [13] However, we also found that the internal energy distribution of the F-loss daughter ion C 2 F 3 + from C 2 F 4 + can be modelled assuming a purely statistical dissociation on theÃ electronic state of the parent ion, 9 contrary to previous reports which invoked impulsive processes.
ionization to the ground electronic state of the cation. Excited vibrational states are observed with particular clarity and Franck-Condon simulations are employed to assign vibrational progressions. This method has successfully been employed in the study of the photoelectron spectra of small systems, e.g., vinyl alcohol 14 and much larger molecules such as ovalene, C 32 H 14 , 14 as well as for interstellar carbenes 15 and diradicals. 16 The simulations are based upon density functional theory (DFT) geometries and Hessians of the neutral molecule and the cation. This goes beyond the cursory assignment based on vibrational spacings and calculated frequencies. Not only do Franck-Condon factors include symmetry considerations per se, they also indicate the relative intensities and the band profile based on the predicted geometry change. This can be vitally important in resolving ambiguities for modes with similar frequencies, or for near degenerate vibrational states. Franck-Condon fits based on DFT force constants are also used to study the parent ion geometries with respect to the in silico geometry optimization results. Of particular interest is any loss in planarity of the molecule upon ionization. If the C S symmetry is conserved and the geometry change is small, only totally symmetric vibrational transitions are allowed in photoionization. However, if the cation becomes non-planar, other vibrational transitions can also gain intensity and become observable. This is indeed the case for C 2 H 4 + , where the ground state ion tunnels through the barrier of planarity to a torsional (dihedral) angle of 29.2
• . 17 In this instance, odd quanta of the non-symmetric twist-assisted mode v 4 are given intensity due to vibronic coupling between theX andÃ cation electronic states. 18 Ab initio calculations suggest that all four molecules remain planar upon ionization, but when Franck-Condon factors are considered, loss of planarity is discovered for 1,1-C 2 H 2 F 2 as a result of ionization from the C=C double bond. The successful application of fitting the ground state band with the Franck-Condon intensities and apparent similarities between the PES 1, 3, 5, 6 and TPES of this work indicates that no autoionization effects are seen. Locht et al. 5, 6 reported a large intensity ratio for the excited vs. ground electronic state bands in the TPES, whereas we find that the ground state bands have comparable intensities to the first excited state band in the TPES. This could be due to disparities between how the photon flux is accounted for.
With increasing F-substitution, the excited states become more indiscernible in the TPES. This spectral congestion may lead one to assume that electronically excited state assignments are fraught with dangers. However, Koopmans' theorem holds and our coupled-cluster assignments agree very well with earlier Hartree-Fock calculations.
1 Two further aspects of the electronically excited states are also touched on. First, we tentatively assign vibrational structures observed in the TPES of excited states. Second, the nature and role of the excited states with regard to the various dissociation pathways has been probed. Specifically, we try to explain the mechanism of non-statistical F-loss in thẽ C state band in the monofluoroethene cation observed in a previous study, 9 and aided by quantum chemical calculations, generalize it to other members of the fluorinated ethene series.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental
Experiments were performed on the vacuum ultraviolet (VUV) beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institut in Villigen, Switzerland. The synchrotron radiation is dispersed by a grazing-incidence plane-grating monochromator with 600 and 1200 mm −1 gratings. The ultimate resolving power of the monochromator is 10 000, i.e., 1 meV at 10 eV. Higher harmonic orders of the monochromatic radiation are suppressed with a compact rare gas filter operating at a pressure of 10 mbar. 19 The photon energy is calibrated in the first and second order against argon and neon autoionizing states.
The resident imaging photoelectron photoion coincidence (iPEPICO) spectrometer combines a Wiley-McLaren time-of-flight (TOF) mass spectrometer 20 and a velocity map imaging electron spectrometer. The pure sample was introduced into the chamber through an effusive source at room temperature, with typical pressures in the experimental chamber being 2-4 × 10 −6 mbar during measurement. The sample is ionized by the incident monochromatic VUV radiation. The photoelectrons are extracted by a continuous field and velocity map imaged onto a position sensitive delay line anode (Roentdek DLD40) with a kinetic energy resolution of 1 meV at threshold. Electrons with nonzero kinetic energy, the "hot" electrons, have a velocity vector that is oriented along the flight tube axis and also arrive at the centre of the detector along with the threshold electrons. The hot electron contamination of the threshold signal is removed by a subtraction process. 21 The resulting spectra were flux normalized using a sodium salicylate coated pyrex window with a photomultiplier tube. The ground electronic state spectrum of C 2 F 4
+ was recorded at 20 V cm −1 and at 120 V cm −1 extraction fields. Based on a previous study of Ar, N 2 , and CH 3 I, 22 the threshold photoelectron peak positions could be expected to be Stark shifted 23 by 5 meV to lower energy when applying the higher field. In the same study, 22 field effects were found not to play a role in off-resonance threshold photoionization, which suggests that autoionization can compete effectively with field ionization in the absence of long-lived Rydberg states. In C 2 F 4 + , the TPES peak positions did not shift measurably as a function of the field strength, indicating fast autoionization and neutral decay channels for high-n Rydberg states. Thus, the constant extraction field of 120 V cm −1 does not affect the TPES peak positions significantly in this polyatomic molecule. The error for both the adiabatic (AIE) and vertical (VIE) ionization energies were determined by taking the half width at half maximum of a Gaussian function fitted to the experimental spectrum.
B. Computational methods
Density functional theory (B3LYP/6-311++G(d,p)) calculations were performed using the GAUSSIAN 03 suite of programs to obtain the geometry and vibrational frequencies of the ground state neutral, as well as of the ground state cation. 24 The Franck-Condon factors for photoionization to different vibrational levels of the electronic ground state of the cations were calculated using the program "FCfit v2.8.8." 25 The first stage uses the optimized geometries for the neutral and cation, together with the ab initio force constant matrices, to calculate a stick spectrum, which helped to assign the peaks in the TPES. In the second stage, the relative intensities of the vibrational peaks in the major progression, the C=C stretching mode, are fitted by fine-tuning the cation geometry, followed by subsequent fitting of the intensities of the weaker progressions. 25 Finally, the stick spectrum is convoluted with a Gaussian function to simulate the rotational envelope and compare with experiment. Table S1 of the supplementary material 26 gives the structure and three sets of geometries for the four molecules under study. First, the B3LYP geometry of the neutral; second, the initial B3LYP geometry of the cation; and third, the final geometry of the cation obtained in the Franck-Condon fit. Vertical ionization energies were calculated at the G3B3 27 derived neutral geometries using equation-of-motion coupledcluster for ionized states (EOM-IP-CCSD/cc-pVTZ) with the Q-Chem 3.2 program 28 (Table S2 of the supplementary material).
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III. RESULTS AND DISCUSSION
A. Ground electronic state of the cations
Monofluoroethene
The TPES of C 2 H 3 F and the simulated stick and convoluted spectra are shown in Figure 1 (a). The HOMO (highest occupied molecular orbital) of the C S symmetry neutral is the C=C π bonding orbital (2a ) 2 , and the cation ground state has the term symbolX 2 A . The geometry obtained from FCfit shows that planarity is conserved upon ionization to the ground electronic state of the cation, however, the C=C bond length increases significantly from 1.320 to 1.409 Å, and the C-F bond length decreases from 1.354 to 1.274 Å. Removing an electron from the HOMO, of bonding character between the carbon atoms, leads to an increase in C=C bond length, whereas the C-F bond length decreases, because the HOMO has antibonding character between the carbon and fluorine atoms (see also the schematic structure at the bottom of Figure 4 ).
Our ground state TPES is in agreement with the lower resolution TPES recorded by Locht et al. 5 and it matches very well with the higher resolution HeI PES of the same authors. The AIE is found to be 10.364 ± 0.007 eV and the VIE is 10.556 ± 0.007 eV, both in excellent agreement with previously reported values 5 of 10.363 ± 0.004 and 10.558 ± 0.004 eV, respectively. The ab initio frequencies together with observed frequencies and peak positions are given in Tables S3 and S4 of the supplementary material. 26 The hot band at 10.304 eV most likely corresponds to ν 9 = 1, i.e., to the CHF=CH 2 wagging mode, calculated to be 484 cm −1 , comparing exactly with the experimental value of 0.062 eV or 484 cm −1 . We also note that the ν 9 vibrational mode has a symmetry and is totally symmetric. Similar to the work of Locht et al., 5 we identify the major progression to be the ν 4 C=C stretching mode, with up to four quanta observed. The vibrational wavenumbers, symmetries, and descriptions of the modes Franck-Condon active upon ionization are given in Figure 2 and peak positions and assignments are shown in Figure 1(a) . The harmonic frequency for this mode is determined by fitting the vibrational transitions (ν 4 = 0-4) to a Morse potential thereby accounting for the anharmonicity, using the well-known 29 approximation
where hv 0 is the harmonic vibrational frequency and D e is the dissociation energy. 9 The ν 4 harmonic frequency of 1552 cm −1 ( Figure 2 ) is in excellent agreement with the B3LYP prediction of 1561 cm −1 . Discrepancies in the energies between the simulated and the experimental spectra towards higher eV are due to anharmonicity which is disregarded in the harmonic model of FCfit. The anharmonicity constant, x e , is determined to be 0.00514.
Aside from the ν 4 progression, some of our assignments of the remaining weak and complex progressions differ from those of Locht et al. 5, 6 We agree with the assignment of the first peak to high energy of the origin band at 10.422 eV to be ν 9 of a symmetry. However, the second peak at 10.468 eV is 0.102 eV (823 cm −1 ) higher than the origin band, whilst the next member in the progression at 10.662 eV has a difference of 0.106 eV (855 cm −1 ) from the 1ν 4 peak. The average of the two values is 839 cm −1 . We assign this peak to two quanta of the a symmetry ν 12 mode, calculated at 389 cm −1 . Indeed, the intensities of 2ν 12 are well reproduced in the Franck-Condon simulation. Note that even-quanta transitions of non-totally symmetric modes are allowed, as a × a = a . Locht et al. 5 assign this progression as one quantum of the ν 8 mode. This mode has the correct a symmetry to be observed in odd quanta, but its calculated value at 981 cm −1 is significantly higher than the measured 839 cm
level spacing. The Franck-Condon simulation places this mode at a somewhat higher energy. We reassign all peaks previously attributed by Locht et al. 5 as (nν 4 + ν 8 ) to (nν 4 + 2ν 12 ).
The next nearest peak towards the ν 4 = 1 transition at 10.523 eV has been assigned by Locht et al. 5 to the ν 7 mode, a H a -C=C scissor (where H a is the hydrogen cis to the fluorine, see Table S1 of the supplementary material). 26 The Franck-Condon simulation indicates that both ν 6 , a H-C-F scissor and ν 7 contribute to the peak in the experimental spectrum. B3LYP calculates both vibrations to have a symmetry with vibrational wavenumbers of 1320 and 1242 cm −1 , respectively, to be compared with our experimental value of 0.157 eV or 1266 cm −1 . Comparison of the stick and the convoluted spectra suggests that ν 6 and ν 7 are indeed both blended in the peak at 10.523 eV. There was some ambiguity over the assignment of a weak peak at 10.498 eV. 5 It is comprised of two modes, ν 8 (a ) with 2ν 9 (a ), which are only 9 cm −1 apart with comparable Franck-Condon factors. In this instance, we can say with a degree of certainty that the assignment is not simply a matter of either ν 8 or 2ν 9 , but both transitions are in fact present.
1,1-Difluoroethene
Figure 1(b) shows the TPES of 1,1-C 2 H 2 F 2 together with the simulated stick and convoluted spectra. The ( 2b 1 ) 2 HOMO of the C 2v neutral corresponds to a cation ground state ofX 2 B 1 symmetry. Ab initio calculations show there is a significant increase in the C=C bond length from 1.317 to 1.412 Å upon ionization, and a smaller decrease in the C-F bond length from 1.327 to 1.264 Å. The FCfit analysis results in a small twisting of the CF 2 group with respect to the CH 2 group upon ionization (i.e., the dihedral angle of F-C=C-H changes from 180
• to 177 • ), thus the planarity of the molecule is lost in the ground state of the cation. For clarity, we retain the C 2v notation for the vibrational mode symmetries in the cation. Our spectrum agrees well with both the TPES recorded at lower resolution and the HeI PES recorded at a comparable resolution by Locht et al. 6 The AIE is 10.303 ± 0.005 eV, and the VIE is 10.496 ± 0.005 eV. The major vibrational progression has been assigned to the nv 2 (n = 0-6) C=C stretching mode of a 1 symmetry and the peak positions given in Table S5 of the supplementary material 26 are in excellent agreement with those of Locht et al. 6 Our value for the harmonic frequency v 2 of 1580 cm −1 , obtained from Morse fitting of the progression, is in stunning agreement with the ab initio value of 1579 cm −1 . The anharmonicity constant, x e , is determined to be 0.0046. Three further minor progressions are also identified and their peak positions are in reasonable agreement with the HeI study of Locht et al. 6 Vibrational assignments are given in Figure 1 (b). For the sake of brevity, the ab initio frequencies, observed frequencies, and peak positions are given in Tables S5 and S6 of the supplementary material. 26 There are several minor peaks sandwiched in between the ν 2 peaks of the main progression. The first one is observed at 10.348 eV and is best assigned to one quantum of ν 10 (a 2 ) by FCfit. The experimental value of ν 10 = 363 cm −1 is in agreement with the ab initio result of 373 cm −1 . Locht et al. 6 assign this peak to ν 9 (b 2 ), for which the calculated value of 417 cm −1 is much higher than the experimental value. It applies to both assignments, however, that these non-totally symmetric vibrations should be forbidden. A possible explanation of how ν 10 is observed could be linked to the loss of planar symmetry upon ionization. Herzberg 17 is lowered and the HOMO is raised, and intensity is given to the ν 10 mode upon ionization. As the predicted torsional angle is only ±3
• , the double-minimum potential energy curve must be very shallow with the ν 10 = 0 and 1 levels most likely above the barrier. In contrast, the non-adiabatic coupling (conical intersection) between theX andÃ states of C 2 H 4 + , which is mediated by the torsional mode, produces a torsional angle at the minima of the ground state which is much larger, ±29
• , with a barrier height of 357 cm −1 . 17 The difference in the extent of coupling and therefore the amount of twist seen could be due, in part, to the larger difference in energy 31 between theX andÃ states of 1,1-C 2 H 2 F 2 + of 4.31 eV compared with that of C 2 H 4 + of 2.31 eV. 3 The second of these minor peaks at 10.382 eV lies 637 cm −1 above the band origin and is also well reproduced in the Franck-Condon fitting by the ν 12 mode of b 1 symmetry at 628 cm −1 . This is the only mode within 50 cm
of the experimental value of 637 cm −1 . Populating the F-C-F scissor ν 5 mode of a 1 symmetry with a frequency of 583 cm −1 gives a similar fit, but it is slightly lower in energy than the ν 12 mode (see Figure S1 of the supplementary material). 26 The Franck-Condon simulation yields a third minor peak at 10.397 eV, which corresponds to a shoulder in the experimental spectrum at 10.394 eV, assigned as two quanta in the ν 10 mode of a 2 symmetry (2 × 373 cm −1 ). The difference between the band origin and this shoulder is 0.091 eV or 734 cm −1 which is close to the calculated value of 746 cm −1 . This mode becomes allowed under symmetry considerations even without the breakdown of planarity. Locht et al. 6 did not resolve this doublet and assigned the single peak as 2ν 9 . Even if the HeI peak at 10.347 ± 0.004 eV had been correctly assigned as ν 9 by Locht et al., 6 the 0.042 eV or 338 cm −1 spacing to the 10.389 ± 0.005 eV peak would still mean the latter is unlikely to be 2ν 9 with ν 9 = 417 cm −1 . We note that both the ν 10 and ν 12 modes involve a twisting of the CH 2 moiety which changes the dihedral angle, whereas the ν 9 mode consists of a F-CC asymmetric in-plane bend (wagging motion) between the CH 2 and CF 2 moieties which does not cause a change in this angle. When populating the ν 9 mode instead of either ν 10 or ν 12 , the resulting spectrum is not a satisfactory fit to the experimental spectra as the H-C=C angle of the cation becomes drastically reduced. In addition, the experimental spectrum cannot be faithfully reproduced when a planar cation geometry is retained, confirming that the twist gives rise to the observation of both the ν 10 and ν 12 modes.
The fourth peak to high energy of the origin band is at 10.420 eV. This is assigned to ν 4 (a 1 ) = 1, with this F-C-F symmetric stretching mode at 948 cm −1 , to be compared with the ab initio value of 959 cm −1 . Finally, there is a partially resolved shoulder (starting at 10.479 eV) to lower energy of each peak of the main ν 2 (a 1 ) progression. Based on our simulation, this may correspond to the ν 3 (a 1 ) vibrational mode, observed experimentally at around 1418 cm −1 , which can be compared with the ab initio value of 1428 cm −1 . This progression was not observed by Locht et al., 6 although the peaks in their ν 2 progression do appear to be slightly asymmetric. The same pattern of peaks due to the vibrational modes ν 10, ν 12, 2ν 10 , ν 4 , and ν 3 is repeated for members of the main progression of nv 2 (n = 0-3).
Trifluoroethene
Figure 1(c) shows the TPES of C 2 HF 3 , the simulated stick and convoluted spectra together with the vibrational assignments. Although some vibrational structure has been observed in the ground-state PE band by others, 1, 3 this is the first high resolution TPES of this molecule reported in the literature. The (4a ) 2 HOMO of the neutral C S C 2 HF 3 molecule has C=C π orbital character, and the cation electronic ground state has the term symbolX 2 A . Similarly with the previous fluorinated ethenes, ab initio calculations show an increase in the C=C bond length from 1.323 to 1.418 Å consistent with removing an electron from the C=C π orbital, and a decrease in all C-F bond lengths of ≈0.06 Å. The geometry obtained from FCfit shows planarity is retained within the ion.
The first photoelectron band, corresponding to theX 2 A ground state of C 2 HF 3 + , is comprised of a series of sharp and well-defined peaks. The AIE and VIE are 10.138 ± 0.007 and 10.544 ± 0.007 eV, respectively. Previous literature values are scarce with the notable exception of the work by Bieri et al., 1 who reported the AIE as 10.14 eV and the VIE as 10.62 eV, both in close agreement with our values. The band is dominated by a vibrational progression of nν 2 mode (n = 0-5) which corresponds to the C=C stretching mode. The Morsefitted vibrational harmonic frequency of this band is determined to be 1641 cm −1 , which is in close agreement with the ab initio value of 1649 cm −1 . The anharmonicity constant, x e , is determined to be 0.000781. This assignment is in agreement with the early angle-resolved photoelectron spectrum of Sell and Kuppermann 3 (Tables S7 and S8 of the supplementary  material) . 26 There are five other, less intense vibrational progressions amidst members of the ν 2 progression. With the aid of FCfit, they are assigned to ν 9 (C-H in plane rock and CC-F bend) at 241 cm −1 , ν 8 (F a -C 1 C 2 scissor, where F a is cis to the hydrogen) at 508 cm −1 , ν 7 (F-CC scissor and F b -CC scissor where F b is trans to the hydrogen) at 629 cm −1 , ν 5 (C-H wag) at 1266 cm −1 , and ν 4 (F-C 2 stretch, H-CC bend and C 1 -F a stretch) at 1654 cm −1 . The overall agreement between experiment and fit is excellent. Figure 2 shows the calculated and experimental vibrational modes which are active upon ionization and their symmetries. All six active modes are of a symmetry and satisfy selection rules. Furthermore, just as for monofluoroethene with C S symmetry, no single quantum of a vibrational modes are observed, consistent with a planar cation. Unlike monofluoroethene, however, double quanta of a modes are not observed in trifluoroethene. The same pat- 2 (n = 0-4).
Tetrafluoroethene
C 2 F 4 has the highest symmetry of the four molecules studied, belonging to the D 2h point group. The HOMO of the neutral is the C=C π bonding orbital, (2b 3u ) 2 , and the cation ground state has the term symbolX 2 B 3u . 1 Using FCfit, the ground state geometry of the cation is confirmed to be planar, and only totally symmetric vibrations in the D 2h point group should be observed in the photoelectron spectrum. As previously, there is an increase in the C=C bond length of 0.096 Å, a decrease in the C-F bond length of 0.056 Å. Overall across the series, the increase in C=C bond length upon ionization becomes greater with increasing F-substitution, but the decrease in C-F bond length is reduced, in accordance with the perfluoro effect, i.e., σ molecular orbitals are strongly stabilized by mixing of the ethylene group orbitals with the electronegative F-atom σ orbitals. By contrast, the mixing and stabilization of the π orbitals is much smaller and so strong C-F π antibonding character dominates. 2 The first photoelectron band seen in Figure 1(d) is assigned to the ground state of C 2 F 4 + ,X 2 B 3u . It is composed of several well-defined vibrational progressions, the most prominent being the nν 1 (n = 0-7), the C=C stretching mode at 1708 cm −1 , in good agreement with the experimental value from the Morse-fitted progression of 1733 cm −1 . The anharmonicity constant, x e , is determined to be 0.00366. The calculated and experimental frequencies are given in Figure 2 . The AIE and VIE are 10.110 ± 0.009 and 10.535 ± 0.009 eV, respectively. Five additional but less intense vibrational progressions are observed in between the members of the ν 1 progression. Three have been assigned as ν 3 , ν 2 , and (ν 3 + ν 2 ), with experimental frequencies of 468, 847, and 1315 cm −1 , respectively (see Figure 1(d) ) and, as expected, all identified modes are of a g symmetry (Tables S9 and S10 of the supplementary material). 26 In an earlier lower resolution TPE study by Jarvis et al., 7 only the ν 1 , ν 2 , and ν 3 modes were observed (note that the numbering of ν 1 and ν 2 is reversed in the studies of both Jarvis et al. 7 and Brundle et al. 2 ). Following a subtraction procedure to allow for the effects of second-order harmonic radiation delivered from the grating monochromator at the beamline, Jarvis et al. 7 determined the AIE to be 10.0 ± 0.1 eV, and the vibrational frequencies of these three modes to be 1686, 766, and 371 cm −1 , in reasonable agreement with those determined from the present work of 1733, 847, and 468 cm −1 , respectively. The ground state of C 2 F 4 + was also studied by HeI photoelectron spectroscopy at a resolution of 0.022 eV by Eden et al. 8 The first and third progressions were also identified by Eden et al. 8 as ν 1 (C=C stretch) and ν 2 (C=C stretch and C-F 2 symmetric stretch). However, there is disagreement between the assignment of the second and fourth progression, which they assign by comparison with the infrared spectrum of neutral C 2 F 4 , as the ν 6 mode of b 1g symmetry and the ν 11 mode of b 3u symmetry using the Herzberg convention. 32 In the Mulliken convention used here, these vibrations are the ν 11 (b 3g ) CC-F bend and ν 5 (b 1u ) symmetric C-F 2 stretch modes. 33 Since there is no change in the molecular symmetry, odd-quantum transitions are only allowed for totally symmetric modes. Therefore, we dispute the Eden 8 assignments to modes with b 3g and b 1u symmetry in favour of a combination band assignment where both modes have a g symmetry. Consequently, we have reassigned these bands to be ν 3 and the combination band (ν 3 + ν 2 ), respectively. The average spacing between the second of the two peaks from the main progression is reported by Eden 8 as 0.152 eV or 1225 cm −1 and assigned to ν 11 . However, the average difference in our work between this progression and the corresponding members of the ν 1 progression is 1245 cm −1 , but the difference between the band origin and the first member of this progression at 10.273 eV is 0.163 eV or 1315 cm −1 . This second value is least affected by anharmonicity and is preferred over the average value. It is also in excellent agreement with the sum of the experimental values for ν 3 + ν 2 , 1315 cm −1 . Thanks to the enhanced resolution, an additional, previously unobserved progression has been identified with two peaks in each member of the main progression with a spacing of 637 and 1008 cm −1 from the band origin. This progression with members at 10.188 and 10.235 eV is well reproduced when populating the ν 6 mode (C-F 2 scissor out of synchronicity) of b 1u symmetry with one and two quanta. Both the ν 6 mode and the other possibility, ν 9 of b 2u symmetry, are non-totally symmetric, so should be forbidden transitions in the absence of a geometry change upon ionization. Yet by evaluating the actual nuclear wave function overlap, Franck-Condon simulations show that ν 6 is populated with non-negligible intensity even without a change in symmetry. Finally, the same pattern of peaks at ν 2, ν 6 , ν 3, 2ν 6 , and (ν 2 + ν 3 ) is repeated for each member of nν 1 (n = 0-6).
It appears that with the exception of 1,1-C 2 H 2 F 2 + , the rest of the series studied in this paper, C 2 H 3 F + , C 2 HF 3 + , and C 2 F 4 + remain planar upon ionization in the ground electronic cation state. The experimental spectra cannot be faithfully reproduced with a non-planar ion geometry in these latter three ions. Apparently, the vibronic coupling between the π (C=C) and π (C-X 2 ) where X = H or F, 31 is only measurable in 1,1-C 2 H 2 F 2 + , in which a torsional twist is observed.
B. Electronically excited cation states
Spectroscopy
EOM-IP-CCSD/cc-pVTZ calculations were undertaken using Q-Chem 3.2 28 at the optimized G3B3 neutral geometries to determine accurate vertical ionization energies and assign excited electronic state TPES bands. Excited state wave functions of the cation are of single determinant character and the Koopmans' theorem 34 holds. Thus, the EOM-IP-CCSD assignment agrees exactly with the semi-empirical HAM/3-based ordering of the cations published 30 years ago by Bieri et al. 1 and, with the exception of the almost degenerateẼ,F andH ,Ĩ electronic states in 1,1-C 2 H 2 F 2 + and C 2 F 4 + , respectively, also with their Green's function analy- sis. Counter-intuitively, electronic excited state assignments are straightforward for the fluorinated ethene ions with little static electron correlation, in sharp contrast with the vibrational assignments of the ground state spectra, where we have found that even the most recent vibrational assignments need revision. 5, 6, 8 Two of the molecules studied, C 2 H 3 F and C 2 HF 3 , have C S symmetry, 1,1-C 2 H 2 F 2 has C 2v and C 2 F 4 has D 2h symmetry. In order to establish trends and trace the evolution of the electronic ion states in the series, we considered the Kohn-Sham orbital character symmetries according to their C 2v character, even for the C S molecules, as follows. Orbitals without a nodal plane along the C=C axis are classified as totally symmetric, giving the corresponding ion state A 1 symmetry. Ionization from orbitals with a nodal plane in the molecular plane but without one perpendicular to it leads to B 1 ion states. Orbitals with a nodal plane perpendicular to the molecular plane along the C=C axis correspond to B 2 ion states. When both nodal planes are present in orbitals, ionization leads to A 2 states. This assignment is shown together with the overall TPES in Figure 3 . The slight destabilization of the π -type HOMO corresponding to the ground ion state and the overall stabilization of the deeper lying orbitals, i.e., progressively higher ionization energies corresponding to excited ion states, with increasing F substitution confirms not only the perfluoro effect, 2 but also the enhanced stabilization of the fluorine lone pairs. With the exception of this point, other trends with increasing fluorine substitution are difficult to establish.
Vibrational progressions have been observed in some excited states in all four molecules. When vibrational structure is observed in the excited states, Franck-Condon factors have to be significant in the bottom of the potential energy well, and it can be assumed that the geometries of the excited state ion are comparable to that of the ground neutral state. Within this approximation, we make only tentative assignments based on the ion ground state calculated frequencies. A strong well-resolved progression is seen on theH 2 A state of C 2 HF 3 + between 19.4 and 20.3 eV which has not been previously reported. The observed spacing of ∼847 cm −1 could be attributed to an asymmetric wagging mode with a F a -C 1 F b symmetric stretch, or even quanta of a F a -C 1 =C 2 bending mode. There is very weak vibrational structure seen between 22.5 and 24.9 eV with a separation of ∼240 cm −1 , which could be attributed to the CHF=CF 2 wagging mode. The strongest vibrational structure in the excited states of C 2 F 4 + is seen on theẼ 2 B 1g peak at 17.6 eV, also observed in the HeI spectra of Brundle et al. 2 and Eden et al. 8 Brundle et al. assign the complex structure to two separate progressions, ν 2 and ν 3 . The ν 2 mode involving the C=C stretch , makes a more likely candidate for the major progression where we observe a vibrational spacing of ∼777 cm −1 rather than the ν 11 mode (calculated at 536 cm −1 in the ground cation state) proposed by Eden et al. 8 The minor progression has an observed vibrational spacing of ∼398 cm −1 and we assign it to the ν 3 mode, a C=C stretch with symmetric C-F 2 scissor, in accordance with Brundle et al. 2 A final single vibrational progression is seen on the peak at 19.1-19.7 eV (ionic states withG 2 B 2g andH 2 B 3u symmetry) and is assigned to the ν 2 mode, ∼777 cm −1 , again in accordance with Brundle et al. 
Dynamics
The dissociative photoionization dynamics is of both applied and fundamental interest. 35 On the one hand, appearance energies can be used in thermochemical derivations, but only if the dissociative photoionization is fast at the thermochemical threshold 36 or if the dissociation rates can be measured and extrapolated to it. 37 In addition to new and accurate neutral thermochemistry, such thresholds can also help interpret the products of ion-molecule bimolecular reactions. 38 On the other hand, understanding the energy flow between different electronic and nuclear degrees of freedom is of paramount fundamental interest. A dissociation process in any molecular system (neutral or charged) is typically considered statistical if the intermediate state is sufficiently long-lived to allow for the complete redistribution of internal energy before dissociation. Such processes are dominated by the ground electronic state, since its density of states exceed that of any excited state by orders of magnitude. 35 Non-statistical, non-ergodic processes are characterized by an incomplete sampling of the energetically allowed phase space of the dissociating species. The reason can be a fast dissociation process, such as impulsive F-loss from CF 4 + , 39 or Cl-loss from CCl 4 + . 40 Alternatively, an electronically excited ion state can be so long-lived that it establishes a second dissociation regime, shielded from access to the ground state dynamics of that surface. This was shown to be the case in F-atom loss in C 2 F 4 + , 9 and probably applies in CH 3 -loss from CH 3 OH + . 41 The nature of the nonstatistical fluorine atom loss from singly to triply fluorinated ethene cations has long been misunderstood. [10] [11] [12] [13] Contrary to F-loss from C 2 F 4 + , detailed kinetic energy release studies have shown that F-loss from C 2 H 3 F + and 1,1-C 2 H 2 F 2 + is, in part, an impulsive process. 11, 42 The F-loss threshold ion yield curves were shown to correlate only approximately with the TPES signal, 9 which indicates a complex mechanism with possible Rydberg-state involvement. In contrast to C 2 F 4 + , the state which leads unhindered to F-loss is not the first electronically excited state of the parent ion in the other members of the series. Intermediate Rydberg and ion states facilitate fast internal conversion and rule out long-lived electronically excited states. Therefore, non-statistical F-loss channels have to be fast and impulsive.
In the context of the overall valence TPES and experimental and computational information on excited electronic state energetics presented herein, it is now possible to stimulate the discussion on the unimolecular dissociation dynamics of fluorinated ethenes with respect to our previous study. 9 Out of computational practicality, we only address the dissociation mechanism of monofluoroethene cations by EOM-IP-CCSD/cc-pVTZ calculations along the optimized 9 cation ground electronic state H-, HF-, and F-loss reaction paths. That is, the reaction path geometries are optimized at the B3LYP/6-311++G(d,p) level on the ground cation state, and vertical excitations are considered to the electronically excited states. Because of the spectral similarity, we expect an analogous mechanism to apply to the dissociation dynamics of di-and trifluoroethene cations. By contrast, the spectral sparsity of the TPES of tetrafluoroethene leads to a de-coupling of theÃ ion state from theX ion state, and to isolated-state behaviour with long-livedÃ state intermediates. 9 By understanding the role of different electronically excited ion states in the mechanism of the main dissociative photoionization channels, we will show how and why F-atom loss assumes a non-statistical character in higher internal energy states of the parent ions, whereas the HF-and H-loss channels do not.
a. H-atom loss from C 2 H 3 F
+ . The H-loss reaction energy curves in the monofluoroethene cation are shown in Figure 4 . The doublet ground ion state is of A symmetry. The molecular orbital of the missing electron in the dominant electron configuration of theX −C states of the cation are shown in the figure, together with that in the ground state ion at an extended C-F bond length of 2.9 Å. The F atom is pointing out of the plane towards the reader in the schematic structures. The ground state of the H-loss fragment ion, CH 2 =CF + , is closed shell, i.e., totally symmetric (A ) in C S symmetry, and the spin density is localized in the 1s orbital of the leaving H atom in the products. In other words, theX state of the parent ion correlates adiabatically with the CH 2 =CF · + H + dissociation products, but H + is not observed in the valence photoionization experiments. 9 The thermochemical threshold to H-atom loss is much lower at 13.6 eV. 9 In order to determine the well depth of theÃ state, which can correlate adiabatically with the H-loss products, we carried out an EOM-IP-CCSD geometry optimization that yielded a structure with an elongated α-C-H bond length and increased C-C-F bond angle as well as an adiabatic ionization energy of 13.18 eV. Therefore, theÃ state of C 2 H 3 F + is bound by ≈400 meV, it adiabatically correlates with the ground state H-loss products, and is coupled with theX state through the C=C-F bend coordinate. Fast relaxation through this conical intersection leads to statistical H-loss with k > 10 7 s −1 at threshold. Contrary to the diabatic coupling coordinates in HF and F losses (see later), the coupling vibrational mode in this case is the C=C-F bending mode, and not the reaction coordinate. This explains the discontinuities in the potential energy curves plotted in Figure 4 . In the ground electronic state constrained geometry optimizations, electronic state switching occurs at a value of the reaction coordinate where the new state is more stable even at the C=C-F bond angle of the old state. Thus, there is a discontinuity in this bond angle and the curve crossings do not correspond to a point along the seam of the conical intersection. Instead, the seam is only known to be located within the dashed lines. As also seen in Figure 4 , theB andC states are also coupled by a conical intersection but are distinct from theX andÃ states. Thus, only theX andÃ states participate in the H-loss channel with the exit channel being theÃ state.
b. HF loss from C 2 H 3 F
+ . The HF-loss potential energy curves are shown in Figure 5 . After the closed-shell neutral HF leaves, the spin density is localized in the π -system of the ethyne fragment ion. The reaction coordinate is taken as the distance between the midpoints of the C=C and H-F bonds, and, again, there appears to be a conical intersection at play at R ≈ 1.5 Å. The potential energy curves cross smoothly, because the coupling vibrational coordinate is very similar to the reaction coordinate of choice. However, theX 2 A andÃ 2 A curves are degenerate at the dissociation limit (R 2.5 Å, not shown in Figure 5 ), as they only differ in the orientation of the degenerate ethyne π -orbitals from which the electron is removed to form C 2 H 2 + . As the products are approached, the (HOMO-1) of the neutral takes a σ -antibonding character between the fragments, whereas the HOMO corresponds to a π -antibonding orbital. Thus, at R = 2.0 Å, the A state of the cation with one σ -antibonding electron removed is more stable than the A state ion (see schematic structures at the dots in the figure with the corresponding molecular orbitals in the neutral at the selected reaction coordinate with the HF leaving upwards). The energy difference between the two states is larger than 0.5 eV when HF is removed by 2.5 Å from C 2 H 2 + , showing a long range interaction at play. TheB 2 A state of C 2 H 3 F + correlates with the ground state C 2 H 2 + HF + products, lying 5 eV above the lower energyX andÃ channels. The corresponding molecular orbital of the missing electron has F lone pair character, as shown. On theB state surface, the transition state to HF loss lies 20 eV above the neutral, and is even higher for theC andD states which correlate with excited state products; theD state is not shown in Figure 5 . As was the case for H-atom loss, HF loss in C 2 H 3 F + is related to the interplay between theX andÃ states. Higher-lying ion states are de-coupled from the HF-loss channel observed in dissociative valence photoionization, as they must first relax to theX/Ã manifold in order to lose HF in a statistical fashion.
c. F-atom loss from C 2 H 3 F
+ . The F-loss potential energy curves, shown in Figure 6 , show a different pattern. The first three ion states,X,Ã, andB, dissociate to products with different singly occupied fluorine 2p x,y,z orbitals and the same ground electronic state of the CH 2 =CH + ion. At a fluorinecarbon distance of around R(C-F) = 2.3 Å, the three states are degenerate and are coupled by the C-F stretch coordinate. At longer distances, theB state appears to be converging to the dissociation limit, whereas even at R = 3.3 Å theX and A states are still increasing in energy. This suggests that long range interactions are significant at even longer distances than for HF-loss, as there has to be anX/Ã F-loss transition state at R(C-F) > 3.3 Å. To describe this bond length region reliably, the triple-ζ basis set used in these calculations would need to be augmented with several diffuse functions.
The non-statistical F-loss process arises in the energy range of theC 2 A state. Based on the low energy component in the kinetic energy release distribution and ab initio calculations, the dissociation channel from thisC state to the C 2 H 3 + ( 3 A ) + F ( 2 P) products was suggested to play an important role.
5, 12, 13 Roorda et al. 13 further established that thẽ C state has a large negative energy gradient towards the C-F elongation, and suggested a diabatic pathway in which theC andX states couple through an avoided crossing at R(C-F) = 2.0 Å with a minimum energy gap of around 0.96 eV. They proposed that the route to F-atom formation is either via this diabatic pathway along which the initial momentum in the C-F stretch is retained, leading to ground state C 2 H 3 + ( 1 A ) with a large translational kinetic energy release, or via an adiabatic pathway along theC state producing electronically excited triplet C 2 H 3 + ( 3 A ) fragment ion with small kinetic energy release. The fragments of the latter channel, however, correspond to a quartet wave function, meaning that it cannot be the asymptote of the doubletC state. Indeed, we found that the 4 A state crosses theC 2 A state at R(C-F) ≈ 2.2 Å (Figure 6 ). The rate of intersystem crossing is unlikely to exceed that of internal conversion to lower lying doublet ion states and the breakdown diagram 9 casts further doubt on the feasibility of this pathway. The CBS-APNO 43 calculated splitting between the singlet and triplet states of the vinyl cation is 2.10 eV, putting the asymptote to triplet C 2 H 3 + production at ≈16.1 eV (cf. the 16.6 eV limit in Fig. 6 corresponding to the triplet energy at the singlet C 2 H 3 + product geometry, calculated using EOM-IP-CCSD/cc-pVTZ). In the breakdown diagram of C 2 H 3 F + , 9 the percentage yield of F-loss production plateaus at ≈30% in the statistical regime, then rises rapidly in the photon energy region 15.5-16 eV to a constant level of ≈60% from which the signal decreases above a photon energy of 17.0 eV. If triplet C 2 H 3 + production were a viable dissociation path, the F-atom loss signal should increase above its threshold at 16.1 eV, at which energy it has already reached its asymptotic value. The absence of such an increase rules out significant C 2 H 3 + ( 3 A ) production. An alternative mechanism is now offered. As opposed to theX,Ã, andB states, theC state of C 2 H 3 F + converges to CH 2 CH + F + , and does not lead to F-loss products. However, it is just below the onset of this excited A ion state peak in the threshold photoelectron spectrum 9 that the non-statistical and partly impulsive 11 F-loss channel opens up. Figure 6 shows that theB andC states are coupled at 1.5 Å < R(C-F) < 1.8 Å. As Roorda et al. 13 have shown, the C-F bond length in theC state minimum is markedly longer than in the ground state of the ion, thanks to the removal of an electron from a π -type C-F bonding orbital. Consequently,C state ions are highly vibrationally excited in the Franck-Condon envelope with large excitation in modes associated with the C-F stretch. They can lose electronic energy by crossing through the conical intersections to theB state. If the crossing occurs at low C-F bond lengths on the bound part of theB surface, the resulting species will decay statistically. However, at higher C-F bond lengths, theB state also has a repulsive character that facilitates F-atom loss. The fate of the parent cation is still not sealed at this point, since fluorine p-orbital mixing at R(C-F) = 2.3 Å can lead it onto the partially bound A andX states, yielding a longer lived F-loss intermediate in which redistribution of the excess energy may, to a certain extent, still be possible. Thus, three different F-loss channels are proposed in theC state band of the TPES of C 2 H 3 F: (i) statistical F-loss mostly from theX state by aC →B transition on the bound part of theB state surface through the first conical intersection, (ii) impulsive F-loss by aC →B transition onto the repulsive part of theB state and subsequent direct dissociation, and, as a slight variation of this process, (iii) semi-impulsive non-statistical F-loss by a multi-step C →B →X/Ã transition with an intermediate at
This multiple channel F-loss mechanism explains the proposed bimodal kinetic energy release distribution observed for C 2 H 3 F + and 1,1-C 2 F 2 H 2 + , 12, 13, 42 as the low kinetic energy release modus is a result of the statistical dissociation pathway. Furthermore, directC-state involvement is not necessarily required in threshold photoionization. In the CH 3 I study, 22 it was proposed that the neutral parent can be excited to the Rydberg manifold in the initial step. The Rydberg manifolds belonging to each ion state will have the similar characteristics to the ion state, and autoionization may also occur after internal conversion. This explains why the nonstatistical F-loss channel is seen at slightly lower energies than the actualC-state peak in the photoelectron spectrum of C 2 H 3 F + . In the iodomethane study, 22 neutral dissociative states were proposed to connect different Rydberg manifolds with the corresponding ion states lying approximately 2 eV apart. In monofluoroethene, such neutral states do not need to be invoked, since the Rydberg manifolds themselves can readily interconvert at conical intersections. Such conical intersections may play a significant and, as yet, unrecognized role in ensuring that most molecules with a sufficiently congested ion spectrum dissociatively photoionize in accordance with statistical theory.
IV. CONCLUSIONS
The ground state TPES of four fluorinated ethenes; C 2 H 3 F, 1,1-C 2 H 2 F 2 , C 2 HF 3 , and C 2 F 4 have been recorded at a higher resolution than previously reported. The ground state spectra have been simulated and fitted using the FranckCondon fitting program, FCfit, to better identify those vibrational modes active upon ionization. 25 A number of weak peaks seen in the ground state band of C 2 H 3 F + have been reassigned. Even quanta transitions of the ν 12 mode are allowed and 2ν 12 contributions have been identified. We have also reassigned vibrational transitions in the ground electronic state TPES of 1,1-C 2 H 2 F 2 . In addition to the ν 2 C=C stretching mode previously observed by others, we identified the ν 3 mode which gives rise to asymmetry of all of the peaks in the ν 2 progression. The Franck-Condon analysis has also yielded a surprise result, revealing a small geometry change upon ionization, the loss of planarity. This led to the assignment of a non-symmetric ν 10 (a 2 ) mode apparent in odd quanta. By contrast, Franck-Condon analysis shows that planar geometries in the monofluoroethene, trifluoroethene, and tetrafluoroethene ions are retained. The ground state TPES of C 2 HF 3 has been recorded with significantly improved resolution than in previous studies. The ν 9 , ν 8 , ν 7 , ν 5 , and ν 4 vibrational progressions have been identified in addition to the ν 2 C=C stretching mode previously identified by Sell and Kuppermann. 3 Finally, the vibrational progressions in the C 2 F 4 ground state TPES have been extensively re-assigned from the HeI study of Eden et al. 8 In addition to the strong C=C stretching mode nν 1 observed previously, we assign weak progressions to the ν 3 , ν 2 , and (ν 3 + ν 2 ) vibrational modes, all with a g symmetry.
Excited state threshold photoelectron spectra are also reported for the four fluoroethenes up to 23 eV together with the computed vertical ionization energies. In contrast to the ground-state vibrational assignments, historical electronic state assignments have been found to be remarkably accurate. Based on excited state calculations on C 2 H 3 F + and new experimental data, we propose a new model for the nonstatistical dissociative photoionization decay mechanism by F-atom loss as well as the previously observed bimodal Floss kinetic energy release distribution. Triplet C 2 H 3 + fragment ion production by intersystem crossing is ruled out in the new mechanism, as is the isolated state mechanism proposed for F-loss from C 2 F 4 + in which the large separation of the electronic states slows down internal conversion. Instead, theC 2 A state of C 2 H 3 F + acts as a gateway with conical intersections to bound and dissociative parts of theB state potential energy surface. Together with H and HF loss, statistical F-atom loss takes place via theX state, whereas diabatic coupling onto the repulsive part of theB state surface is responsible for non-statistical, impulsive F-loss.
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